During liver development, hepatocytes and biliary cells differentiate from common progenitors called hepatoblasts. The factors that control hepatoblast fate decision are unknown. Here we report that a gradient of activin/TGFbeta signaling controls hepatoblast differentiation. High activin/TGFbeta signaling is required near the portal vein for differentiation of biliary cells. The Onecut transcription factors HNF-6 and OC-2 inhibit activin/TGFbeta signaling in the parenchyma, and this allows normal hepatocyte differentiation. In the absence of Onecut factors, the shape of the activin/TGFbeta gradient is perturbed and the hepatoblasts differentiate into hybrid cells that display characteristics of both hepatocytes and biliary cells. Thus, a gradient of activin/TGFbeta signaling modulated by Onecut factors is required to segregate the hepatocytic and the biliary lineages.
During liver development, bipotent progenitors called hepatoblasts differentiate into hepatocytes or into biliary cells (Germain et al. 1988 ). The hepatoblasts located in the liver parenchyma give rise to the hepatocytes. In contrast, biliary differentiation is induced exclusively in hepatoblasts located at the interface between the mesenchyme surrounding the portal vein and the liver parenchyma (for review, see Lemaigre 2003) . Because of this specific location, it has been hypothesized that a signal arising from the portal mesenchyme or from the endothelium of the portal vein induces biliary differentiation (Shiojiri 1984; Van Eyken et al. 1988; Shah and Gerber 1990; Shiojiri and Koike 1997) . The Notch pathway was suspected to mediate this signal (Li et al. 1997; Oda et al. 1997; McCright et al. 2002) . However, recent in vivo data rather support a role for Notch in bile duct morphogenesis (Kodama et al. 2004) . Other candidates include the TGF␤ and the HGF pathways. Indeed, TGF␤ affects differentiation of cultured hepatic cells (Isfort et al. 1997; Spagnoli et al. 2000) , and the activin/TGF␤ signaling mediators Smad2 and Smad3 cooperate with HGF signaling to control the hepatic architecture (Weinstein et al. 2001) . However, the mechanisms that determine whether hepatoblasts differentiate into hepatocytes or into biliary cells remain unknown.
Our previous work on mice deficient in the transcription factor Hepatocyte Nuclear Factor-6 (HNF-6)/Onecut-1 (OC-1) showed that this factor is involved in biliary cell differentiation and is required for bile duct morphogenesis (Clotman et al. 2002) . OC-2, another Onecut factor, is, like HNF-6, expressed in hepatoblasts, in hepatocytes, and in the biliary cells (Jacquemin et al. 2003 ; Supplementary Fig. S1A ). The sequence conservation between HNF-6 and OC-2 suggests that they control the same target genes (Jacquemin et al. 1999) , and may therefore exert redundant functions.
Results and Discussion

HNF-6 and OC-2 are required to segregate the hepatocytic and the biliary lineages during hepatoblast differentiation
To examine if HNF-6 and OC-2 exert redundant functions in liver development, sections from knockout fetuses deficient in HNF-6 (Hnf6 −/− ), or in OC-2 (Oc2 −/− ) ( Supplementary Fig. S2 ) or in both factors (Hnf6/Oc2 −/− ) collected at embryonic day 15.5 (E15.5) were analyzed by immunofluorescence ( Fig. 1A) . At that stage, the liver contains epithelial cells (hepatoblasts, hepatocytes, and biliary cells; E-cadherin labeling) (see also Supplementary Fig. S1B ) and hematopoietic cells (mainly erythroblasts; Ter119 labeling). In wild-type livers, the biliary cells were organized as typical ductal plates around the branches of the portal vein. They expressed biliary-specific cytokeratins (CK labeling), produced a basal lamina on the portal side of the ductal plate (laminin labeling) (arrows in Fig. 1A ), and did not express HNF-4␣. The hepatoblasts and hepatocytes (both labeled by HNF-4␣) were organized in the liver parenchyma as cords devoid of basal lamina and interspersed with hematopoietic cells (Fig. 1A) . In Hnf6 −/− fetuses, biliary cysts were observed in the vicinity of the portal vein (asterisks in Fig. 1A ), as described earlier (Clotman et al. 2002) , whereas premature dilations were observed within the ductal plates in Oc2 −/− fetuses (arrowheads in Fig. 1A ). Data collected at later stages indicated that, like HNF-6, OC-2 is required for bile duct morphogenesis (Supplementary Fig. S3A ). The cord-like organization of the epithelial cells in the parenchyma was normal in the single Hnf6 −/− or Oc2 −/− knockout fetuses (Fig. 1A) . In contrast, it was severely perturbed in double Hnf6/ Oc2 −/− knockout livers, since the epithelial cells formed clusters surrounded by hematopoietic cells (Fig. 1A,B ). The cells in these clusters retained expression of epithe-[Keywords: Hepatoblasts; hepatic differentiation; activin/TGF␤ signaling gradient; Onecut transcription factors; liver development] lial markers ( Fig. 1A ; Supplementary Fig. S4 ), indicating that their epithelial character was maintained. Surprisingly, these clustered cells coexpressed CK and HNF-4␣ (inset in Fig. 1A) and were surrounded by a basal lamina. They were also stained with Dolichos biflorus agglutinin (DBA labeling) ( Fig. 1A) , which normally only labels the biliary cells (Shiojiri and Katayama 1988) .
Thus, in the combined absence of HNF-6 and OC-2, all hepatoblasts differentiated into hybrid cells coexpressing hepatoblast/hepatocyte and biliary markers. Such hybrid cells were also observed in the vicinity of the portal vein in the single Hnf6 −/− knockout livers but not in Oc2 −/− livers (insets in Fig. 1A ; Supplementary  Fig. S3B ). To evaluate if the hybrid cells displayed characteristics of differentiated hepatocytes, we studied their morphology in Hnf6/Oc2 −/− livers by electron microscopy (Fig. 1B) . The hybrid cells were polygonal with a large nucleus, a well-developed rough endoplasmic reticulum, and numerous mitochondria and bile canaliculi (arrows in Fig. 1B ), all features that are typical of differentiated hepatocytes (Fig. 1B) . This was further supported by the expression in Hnf6/Oc2 −/− livers of the hepatocyte differentiation markers carbamoylphosphate synthase I (cpsI) and glycogen synthase 2 (gys2), although cpsI expression levels were reduced in Oc2 −/− and in Hnf6/ Oc2 −/− livers as compared to wild-type liver (Fig. 1C) . In contrast, the expression of the biliary differentiation marker ␥-glutamyl transpeptidase 4 (ggt4) was strongly increased (Fig. 1C) , consistent with the increased expression of other biliary markers as detected by immunofluorescence. Taken together, the data indicate that in the combined absence of HNF-6 and OC-2, the hepatocytic and the biliary differentiation programs are activated in the same cells. Thus, HNF-6 and OC-2 are required to segregate the hepatocytic and biliary lineages during hepatoblast differentiation.
HNF-6 and OC-2 control the shape of an activin/TGF␤ signaling gradient in fetal liver
To address the mechanism of action of the Onecut factors, we built upon our earlier finding that cells isolated from Hnf6 −/− livers display increased TGF␤ signaling associated with increased expression of the TGF␤ receptor type II (tbrII) (Plumb-Rudewiez et al. 2004) . We found that at E12.5, namely, just before the onset of the abnormal phenotype ( Supplementary Fig. S3B ), tbrII expression was increased in Hnf6/Oc2 −/− livers like in Hnf6 −/− livers, but was normal in Oc2 −/− livers ( Fig. 2A ). Likewise, we assessed the expression of other components of the activin/TGF␤ pathway and found that the expression level of the potential TGF␤ antagonist ␣2-macroglobulin (Arandjelovic et al. 2003) and of the activin antagonist follistatin (Massague 2000) was reduced in Hnf6 −/− , in Oc2 −/− , and in Hnf6/Oc2 −/− livers ( Fig. 2A) . These changes suggested that activin/TGF␤ signaling is increased in the absence of Onecut factors. To functionally evaluate activin/TGF␤ signaling in vivo, we crossbred the Onecut knockout mice with CAGA12/GFP transgenic mice harboring an activin/TGF␤-responsive GFP gene (Neptune et al. 2003) . In control livers at E12.5, GFP activity was high in the vicinity of the portal vein, where hepatoblasts will differentiate into biliary cells, and lower in the rest of the parenchyma, where hepatoblasts will differentiate into hepatocytes (Fig.  2B,C) . This revealed the existence of a gradient of activin/TGF␤ signaling. Activin/TGF␤ signaling was moderately increased in the single knockouts and strongly increased in Hnf6/Oc2 −/− livers. In the double Hnf6/ Oc2 −/− knockouts, high signaling extended farther away from the portal vein than in control fetuses (Fig. 2B,C) . We concluded that there is a gradient of activin/TGF␤ signaling in developing liver and that the shape of this gradient is controlled by HNF-6 and OC-2. In addition, the spatial correlation between high activin/TGF␤ signaling and differentiation of hepatoblasts into biliary cells suggested that this signaling pathway controls biliary differentiation.
Activin/TGF␤ signaling is required for biliary differentiation
To investigate whether activin or TGF␤ can induce biliary differentiation, we developed an ex vivo culture model of E12.5 liver explants. Under basal conditions, hepatocyte differentiation occurred spontaneously in the explants as detected by cpsI and gys2 expression, but biliary differentiation did not proceed. However, incubation of the explants with TGF␤ or activins stimulated expression of the biliary markers ggt4 and integrin␤4 HNF-6 and OC-2 control the expression of components of the activin/TGF␤ signaling pathway. Real-time RT-PCR for TGF␤-receptor type II (tbrII), ␣2-macroglobulin (a2m) or follistatin at E12.5, expressed as [(mRNA copy number)/(␤-actin mRNA copy number)] × 10 3 (mean ± SEM). (B,C) Activin/TGF␤ signaling occurs as a gradient in E12.5 liver and is increased in the absence of Onecut factors. (B) Hnf6 +/− Oc2 +/− mice were crossbred with transgenic mice harboring an activin/TGF␤ reporter consisting of 12 Smad-binding sites upstream of EGFP (CAGA12/GFP). The dotted lines delineate the branches of the portal vein. The inset shows background fluorescence of a section from a nontransgenic liver. (pv) Portal vein. Bar, 100 µm. (C) GFP fluorescence profile from the portal vein to the parenchyma in control CAGA12/GFP liver (blue tracing) and in Hnf6/Oc2 −/− CAGA12/GFP liver (red tracing). In the parenchyma, basal fluorescence levels correspond to hematopoietic cells, and higher levels to epithelial cells. The dotted lines show the shape of GFP fluorescence gradients in the epithelial cells. "Ductal plate" refers to the area where the ductal plate will form. (pv) Portal vein.
Control of hepatoblast differentiation
(ib4) (Fig. 3A) . Furthermore, beads soaked in TGF␤ or activin B and then implanted into the explants induced a local and gradient-wise expression of biliary-specific cytokeratins ( Fig. 3B ). We concluded that activin/TGF␤ signaling can induce biliary differentiation.
To test if TGF␤ is required in vivo for biliary differentiation, pregnant wild-type mice were injected intraperitoneally at E10.5 with anti-TGF␤ neutralizing antibodies. Such antibodies were previously shown to inhibit TGF␤ signaling in developing fetuses (Neptune et al. 2003) . Administration of the anti-TGF␤ antibodies inhibited biliary differentiation in the fetal livers, as evidenced at E14.5 by the reduction in the amount of biliary-specific cytokeratin-positive cells around the portal vein, and by the absence of biliary basal lamina (Fig. 3C) . This inhibition did not result from alterations of the portal vein endothelium, since the expression of the endothelial marker PECAM was unaffected in treated livers ( Supplementary Fig. S5 ). These data demonstrate that TGF␤ signaling is required for differentiation of hepatoblasts into biliary cells.
The present work shows that a gradient of activin/ TGF␤ signaling, shaped by Onecut transcription factors, controls cell lineage decision during liver development. Such a gradient is expected to result from the integration of local concentrations of active ligands (Annes et al. 2003) , antagonists, and receptors, with the expression levels of the activin/TGF␤ signaling mediators (Massague 2000) . The expression pattern of some components of the activin/TGF␤ pathway has been described in fetal liver (Pelton et al. 1990; Millan et al. 1991; Schmid et al. 1991; Feijen et al. 1994; Lorent et al. 1995; Verschueren et al. 1995; de Sousa Lopes et al. 2003) , but these data are not sufficient to explain how the gradient is formed. We found that a perturbation of the TGF␤ gradient is associated with perturbed expression of tbrII, follistatin, and ␣2-macroglobulin in the single Hnf6 −/− or Oc2 −/− knockouts and in double Hnf6/Oc2 knockouts. The sum of these defects in each single or double knockout correlates with the intensity of gradient perturbation. This suggests that Onecut factors control the shape of the gradient, at least in part by modulating the expression of tbrII, follistatin, and ␣2-macroglobulin. The induction of the biliary differentiation program in hepatoblasts located at a distance from the portal mesenchyme in the Hnf6/Oc2 −/− livers indicates that a direct interaction between hepatoblasts and the portal mesenchyme, which is thought to be mediated by the Notch pathway (Li et al. 1997; Oda et al. 1997; McCright et al. 2002) , is not required to induce biliary differentiation. The Notch pathway may act in parallel to or downstream from the activin/TGF␤ signaling to support biliary differentiation induced by activin and TGF␤, or, as suggested by Tanimizu and Miyajima (2004) , to repress the hepatocytic differentiation program in biliary cells. The developmental mechanisms uncovered here have implications for the identification of growth factors and transcription factors required to generate differentiated cells for cell therapy of liver diseases. In addition, they may help identify the etiology of human congenital biliary diseases, such as biliary atresia. These diseases are associated with developmental anomalies similar to the ductal plate malformations found in Hnf6 −/− or Oc2 −/− knockout livers (Desmet 1992; Perlmutter and Shepherd 2002) . Therefore, we propose that the Onecut factors and TGF␤ signaling components are new candidates to study the etiopathogeny of congenital biliary diseases.
Materials and methods
Generation of Oc2 knockout mice
A targeting construct was designed to generate an Oc2-null allele, and Oc2 −/− mice were obtained as described in Supplementary Fig. S2 .
Immunolabelings
Tissues were frozen in liquid nitrogen-cooled isopentane. Cryosections (5 µm for liver, 10 µm for explants) were post-fixed for 10 min in acetone at 4°C. Primary antibodies were mouse anti-human E-cadherin (PharMingen), rat anti-mouse TER-119 (PharMingen), rabbit anti-human keratin that labels the biliary cells (Van Eyken et al. 1988; Clotman et al. 2002) (DAKO), goat anti-human HNF-4␣ (Santa Cruz), rabbit anti-mouse laminin (Sigma), and rat anti-mouse PECAM-1 (PharMingen). Secondary antibodies were donkey anti-goat/AlexaFluor 594 or anti-rat/AlexaFluor 594 (Molecular Probes), or biotinylated sheep anti-rabbit or anti-mouse antibody (Chemicon) followed by streptavidin-AlexaFluor 488 (Molecular Probes). Biotinylated D. biflorus agglutinin (Vector) was detected with streptavidin-AlexaFluor 488. For OC-2 staining, livers were fixed in 4% paraformaldehyde at 4°C and were frozen in gelatin/sucrose solution prior to sectioning at 10 µm. Rat anti-OC-2 antibodies were raised against the N-terminal moiety of mouse OC-2 (amino acids 36-311) Figure 3 . Activin/TGF␤ signaling induces biliary differentiation. (A) Activin and TGF␤ can stimulate biliary differentiation in fetal liver explants. E12.5 explants were cultured in the absence (Co) or in the presence of recombinant TGF␤-1 (TGF␤), activin A (ActA), or activin B (ActB) (in picograms per milliliter). Real-time RT-PCR quantification was performed for the biliary marker integrin␤4 (ib4) or the hepatocyte markers cpsI and gys2, [(mRNA copy number)/(␤actin mRNA copy number)] × 10 3 (mean ± SEM). The expression of the biliary marker ggt4 was evaluated by semiquantitative RT-PCR, with tbp as control. (B) A local source of activin or TGF␤ induces a gradient-wise expression of biliary cytokeratins in fetal liver explants. Beads (*) soaked into TGF␤-1, activin A, or activin B were implanted into E12.5 liver explants. After culture, sections were labeled for biliary cytokeratins. (C) TGF␤ signaling is required for biliary differentiation. Wild-type pregnant mice were injected at E10.5 with anti-TGF␤-neutralizing antibodies or rabbit IgG as control. Sections collected at E14.5 were labeled for HNF-4␣ and biliary cytokeratins (CK) or laminin (Lam). (Arrowheads) Biliary basal lamina; (arrows) laminin produced by the mesenchyme surrounding the portal vein; (pv) portal vein. Bars, 100 µm. fused downstream from glutathione-S-transferase (GST). Primary antibodies were detected by immunoperoxidase activity using biotinylated sheep anti-rat immunoglobulins G (Chemicon) followed by a streptavidin-peroxydase conjugate (Chemicon) and DAB+ (Dako).
Semithin sections and transmission electron microscopy
Livers were fixed in 4% formaldehyde at 4°C for 2 h, then cut in small blocks and further fixed in 4% formaldehyde/1% glutaraldehyde at 4°C for 2.5 h. They were post-fixed in reduced osmium at 4°C for 1 h, stained in block with 2% uranyl acetate, dehydrated, and embedded in Spurr. Sections were observed in a CM12 transmission electron microscope at 80 kV.
RT-PCR and real-time RT-PCR
Total RNA was prepared using Tripure Isolation Reagent (Roche). Reverse transcription (Life Technologies reagents) and PCR (Promega reagents) were performed as described (Plumb-Rudewiez et al. 2004 ). Realtime PCR was performed with SYBR Green Core Reagents (Perkin Elmer) on a MyiQ cycler (Bio-Rad). Absolute copy number for each mRNA was normalized to the absolute ␤-actin mRNA copy number. PCR primer sequences are available upon request.
CAGA12/GFP transgenic mice
Heterozygous CAGA12/GFP mice (Neptune et al. 2003) were crossbred with Hnf6 +/− Oc2 +/− mice, and the progeny was genotyped by PCR. Hnf6 +/− Oc2 +/− CAGA12/GFP animals were then mated with Hnf6 +/− Oc2 +/− mice. All animals received humane care according to the criteria outlined in the Guide for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences (USA) and published by the National Institutes of Health. Livers were collected at E12.5, fixed for 2 h in 1% paraformaldehyde, and frozen in 15% sucrose/7.5% gelatin in PBS. Cryosections (10 µm) were prepared and immediately observed for GFP fluorescence. GFP fluorescence was quantified with the ImageJ software.
Culture of liver explants on Teflon membranes
Livers were collected at E12.5, and the four major lobes were cultured separately on Millicell-CM Culture Plate Inserts (Millipore) in standard 24-well plates containing 300 µL of RPMI 1640 medium (Invitrogen) supplemented with 10% fetal calf serum, 50 ng/mL EGF, 30 ng/mL IGF-II, 10 mg/mL insulin, Fungizone, and antibiotics. No medium was added on top of the filter to allow growth at the air/medium interface. Medium was changed every other day. Recombinant TGF-␤1, activin A, and activin B were from R&D Systems. Affi-Gel Blue Gel beads (Bio-Rad) were washed in PBS and soaked overnight in TGF-␤1 (0.4 µg/mL), activin A (up to 15 µg/mL), or activin B (2 µg/mL). Control beads were soaked in PBS. They were then implanted with tungsten needles in liver explants (one bead per explant) immediately after dissection, and the explants were cultured for 6 d.
Anti-TGF␤ neutralizing antibodies
Wild-type pregnant mice at E10.5 were injected i.p. with rabbit polyclonal pan-specific TGF-␤ neutralizing antibody (R&D Systems; 12 mg/ kg) in a volume of 500 µL. This antibody was previously shown to inhibit TGF␤ signaling in vitro and in vivo (Tomita et al. 1998; Yamamoto et al. 1999) , as well as in developing fetuses (Neptune et al. 2003) . Control pregnant mice were injected similarly with irrelevant rabbit IgG (R&D Systems; 12 mg/kg). Fetal livers were collected at E14.5.
